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Introduction
Aedes mosquito-transmitted arthropod-borne viruses (arboviruses) have (re)emerged from their sylvatic reservoirs of Africa and the Americas under landscape anthropization forces [1] . Indeed, arboviruses are dispersed globally, and they are responsible for various diseases [1] . Several Aedes species act as vectors of arboviral diseases, such as yellow fever, dengue, chikungunya, Rift valley fever, and Zika that are of considerable public health relevance [1] . The resurgence of these mosquito-borne diseases and their geographic expansion has long been associated with human-induced modifications of terrestrial ecosystems [2] . Identifying priority areas for integrated vector management (IVM) is crucial for public health because the ecology (e.g., abundance distribution, and behavior) of Aedes mosquito vectors is likely to alter with human-induced land-use changes, including deforestation, intensification of agriculture, and urbanization [2] [3] [4] .
The expansion of tropical oil palm (Elaesis guineensis) plantations is a major driver of deforestation and threatens biodiversity, including arthropods [5, 6] . Wild palm trees have a lifespan of up to 200 years, and an economic life-span of 25-30 years, after which trees are cut down and replaced with young palm plants. The planting density ranges from 120 to 160 palms/ha. Changes in land-use can result in the losses of Aedes mosquito habitats, hosts, and predators, which, in turn, affect the dynamics, abundance, oviposition, and host-seeking behaviors of vectors searching for alternative habitats and new blood-feeding sources [2] . In contrast, other cultivations such as rubber plantations, and plants with sheathing leaf axils (e.g., banana, bromeliads, and taro), and fruit husks (e.g., coconuts) can be important sources of Aedes mosquito breeding as they retain water for larval breeding [7, 8] . Additionally, containers used to supply water to animals and plants support Aedes mosquito larval growth [9] . Anthropogenic chemicals, such as pesticides (e.g., insecticides, fungicides, herbicides, and rodenticides), are drivers of changes in mosquito populations [10] . While the transformation of native rainforests into human settlements might destroy natural breeding sites of Aedes, it might result in an increase of artificial containers (e.g., tires, discarded containers, and water storage receptacles) that serve as microhabitats for immature Aedes [2] . Moreover, open areas directly exposed to sunlight that are created after the removal of natural vegetation accelerate mosquito development and survivorship [4, 8] . Tropical rainforests are rich in biodiversity, including Aedes that might breed in tree holes that are protected by foliage and contain microbial food sources for mosquito larvae [2, 7] . In addition, the diverse fauna in the rainforest [7] serves as blood sources for host-seeking Aedes females, thereby maintaining the circulation of arboviruses among non-human primates (sylvatic cycle) [11, 12] . Deforestation, forest-degradation, and forest-fragmentation have been associated with arbovirus emergence or re-emergence [11, 12] . The effects of these multiple anthropogenic changes in land-use on mosquito communities and the risk of disease transmission in the tropics may be further amplified by changing patterns of precipitation [2, 13] .
In the southeastern part of Côte d'Ivoire, where large parts of rainforest have been converted into oil palm plantations, several outbreaks of yellow fever and dengue have been documented [14] . Yellow fever and dengue viruses have been associated with vectors such as Ae. aegypti, Ae. africanus, Ae. furcifer, Ae. luteocephalus, Ae. opok, and Ae. vittatus [15, 16] . At present, Côte d'Ivoire is the third largest African producer of palm oil with an annual production of about 1.8 million tons. Palm oil production generates 3.1% of the national gross domestic product (GDP) [17] . There are plans to enlarge the national production of palm oil, which might increase human-induced pressures on rainforest [18] .
Meanwhile, there is a lack of knowledge on how agricultural land-use changes affect the ecology of Aedes vectors in oil palm-dominated landscapes of Côte d'Ivoire. It is important to deepen the understanding of this relationship to identify priority areas for IVM and to provide a better land-use strategy for the reduction of arboviral disease risks. Hence, our study aimed at assessing the effects of land-use changes on the ecology of Aedes mosquitoes among four major land-cover types (rainforest, polyculture, oil palm monoculture, and rural housing areas) derived from human-driven landscape transformation in large industrial oil palm areas in southeastern Côte d'Ivoire. We hypothesized that the abundance, distribution, oviposition, and host-seeking behaviors of Aedes mosquito species differ depending on the main landscape type.
Methods

Ethics statement
The study protocol was approved by the local health and administrative authorities of PALMCI, which manages the industrial oil palm plantations where our study was conducted. The management of PALMCI provided a field permit for mosquito sampling. Before starting the study, informed oral consent was provided by village leaders. In addition, all entomologic surveys and sample collections carried out on private lands or private residential areas were done with the permission and written informed consent of the residents.
The volunteers participating to the human-baited double-net trapping gave written, informed consent for their participation. They were between 21 and 45 years old, and were given a small remuneration for their participation. Volunteers were vaccinated against yellow fever and protected against malaria with medical prophylaxis. Participants were also offered the opportunity to receive free medical treatment when they showed any symptoms suspected to be caused by mosquito-borne diseases. Moreover, the volunteers were not directly exposed to mosquito females' biting because they were protected by the inner nets of the double-net trap device. The volunteers who sampled Aedes mosquitoes for this study are among the authors, rather than being subjects of the study. This study did not involve endangered or protected species.
Study area
The study was carried out in the Sud-Comoé region (geographic coordinates 5˚28' N latitude, 3˚12' W longitude) located in the southeastern part of Côte d'Ivoire (Fig 1) . The estimated human population in the Sud-Comoé region is 642,000 with people mainly living in rural settings. The economic activities are primarily based on subsistence agriculture. Additionally, there is some industrial exploitations of oil palm monocultures (approximately 30,000 ha), managed by PALMCI. Chemical products (i.e., insecticides, fungicides, and herbicides) are intensively used for oil palm plantation and crop protection [19] . The natural vegetation mostly constitutes of rainforest. Several small villages are dispersed across the landscape. The rainforest and traditional agriculture host trees, bamboo, and diverse animal species (primates, and birds).
The climate in the study area is characterized by high temperature and precipitation with two rainy seasons. The seasons are mainly distinguished by rainfall. The main rainy season extends from May to July, while the shorter rainy season lasts from October to November, with distinct dry seasons in between. The average annual precipitation ranges from 1,200 to 2,400 mm. The annual average temperature and relative humidity are around 26.5˚C and 80-90%, respectively.
Our study was conducted in the Aboisso department, covering some 625 km 2 and an estimated population of 21,300 people, many of whom are employees of PALMCI. The workers leave the villages in the morning to work in the plantations and return in the afternoon.
Study design
The study area was divided into 10 blocks around eight villages of Ehania (Ehania-V1-8), Cité-Cadre, and Akakro. In each block, four types of macrohabitats of roughly equal size were classified as rainforest, polyculture, oil palm monoculture, and rural housing areas based on the land-cover features defined by remote sensing and geospatial analyses (Table 1 and The blocks with the villages of Ehania-V1, Cité-Cadre, and Akakro were selected for this study (Fig 1) . Eggs, larvae, pupae, and adults of Aedes mosquitoes were sampled every month during 12 cross-sectional surveys from January to December 2014. There were four defined macrohabitats and we used metallic-ovitraps, bamboo-ovitraps, larvae surveys, and human-baited double-net traps for mosquito collection ( 
Aedes mosquito egg collection
Aedes mosquito eggs were collected monthly using 30 bamboo-ovitraps and 30 metallic-ovitraps during the 12 cross-sectional surveys in each macrohabitat. Bamboo-ovitraps were made of cut bamboo, while metallic-ovitraps were made of a tin can cut to imitate natural and artificial breeding sites of Aedes mosquitoes, respectively. Metallic-ovitraps were painted black, while bamboo-ovitraps were left unpainted. Both ovitrap types had a volume of 400 cm 3 and were filled to with water. The water was a mix of distilled water, rainwater, and a 10% hey infusion with Panicum maximum to increase the attractiveness of the ovitraps [20] . A 5 cm x 7 cm x 0.3 cm paddle made of hardboard served with its rough surface as an oviposition substrate and was plunged into each container and left for one week during each of the 12 surveys.
Microhabitat surveys and Aedes spp. larval sampling
In a preliminary survey, existing larval breeding sites, such as natural and artificial cavities or containers with a potential to contain water, were defined as microhabitats for Aedes larvae. The study was carried out in the villages located in oil palm plantation areas belonging to the Sud-Comoé region. The study area covers the villages of Ehania-V1, Cité-cadre and Akakro situated at the interface between the industrial oil palm plantation and traditional agricultural smallholdings. The industrial exploitations are devoted to the monoculture of oil palm plantations (Eleasis guineensis) covering over 30,000 hectares managed by an integrated agro-industrial unit of PALMCI. In the industrial part, a primary rainforest of over 100 ha has been preserved intact and forbidden of any human activities. In the traditional lands, the agricultural exploitation systems are polycultures comprising oil palm trees, rubber trees, banana, taro, bromeliads, and cocoa growing in the same space. Several small villages averaging 20 people are dispersed in these smallholdings.
https://doi.org/10.1371/journal.pone.0189082.g001 Based on this preliminary survey, microhabitats were classified into three categories and 12 sub-categories depending on their occurring process and use (Table 1 and Figures E-P in S1 Fig) . We sampled up to 30 microhabitats of each of the 12 sub-category types among each macrohabitat. Microhabitats were examined monthly, over a 12-month period (January-December 2014), for the presence of water and immature stages of mosquitoes. Whenever mosquito larvae and/ or pupae were present, the content of microhabitat was completely removed using the following equipment: flexible rubber tube connected to a manual suction pump, ladles, and pipettes. Immature forms of Aedes and other non-Aedes mosquitoes such as Anopheles spp., Culex spp., Eretmapodites spp., and Toxorhynchites spp. were sampled and recorded separately. The Aedes mosquito immatures were counted and classified as young larvae (1-2 instar), old larvae (3-4 instar), and pupae. The predacious larvae of mosquitoes, such as Cx. tigripes, Eretmapodites spp., and Toxorhynchites spp., were removed from the samples and preserved separately to avoid predation on the other species. The microhabitats sampled were refilled to their initial volume with the original water, and topped up with distilled water or rainwater according to their flooding mechanism. The presence of shade, predators, and plant leaves in the microhabitats were recorded.
Aedes adult abundance and host-seeking behavior surveillance Adult mosquitoes were sampled using four human-baited double-net traps in each macrohabitat type for three consecutive days from 04:00 a.m. to 08:00 p.m. during 12 monthly cross-sectional surveys. A double-net trap was a combination of two untreated nets: an inner, smaller net that protected the human bait and an outer, larger net with two openings on each of the four sides which allowed the entry of mosquitoes yet precluded their exit [21, 22] . For each double-net trap, there was a pair of persons: one person was located inside the small net and served as bait to attract mosquitoes. The other person was located outside the double-net device and collected the mosquitoes trapped within the outer net, once every hour. Each trap was monitored by two teams of two persons each that took turns beginning at 12:00 a.m.
Laboratory treatment procedures
All mosquito samples were stored separately in plastic boxes and transferred in a cool-box to a nearby field laboratory. In the laboratory, mosquito larvae were reared until they became adult. In order to minimize mortality, a maximum of 20 larvae were placed in 200 ml plastic cups, filled with 150 ml distilled water and covered with netting. Larvae of Aedes and other mosquitoes were fed each morning between 07:00 and 08:00 a.m. with Tetramin baby fish food. Predacious larvae (e.g., Toxorhynchites spp. and Cx. tigripes) were fed with larvae from additionally sampled mosquitoes from the study area. Emerging adults and collected adult Aedes mosquito ecology and land-use changes mosquitoes were identified to species level using readily available morphological keys [20, 23] .
As larval mortalities were low, the proportion of mosquito species was estimated on the basis of emerging adults. Adult specimens were stored by species and recorded in an entomology collection database.
Statistical analysis
The Aedes-positive index (PI) was calculated as the percentage of bamboo-ovitraps, metallicovitraps, microhabitats, or human-baited double-net traps which collected or held at least one egg, larva, pupa, or adult Aedes mosquito (numerator) among the total bamboo-ovitraps, metallic-ovitraps, wet microhabitats, or double-net traps found (denominator), respectively. The Aedes microhabitat positive proportion (PPM) refers to the percentage of each Aedes-positive microhabitat type (numerator) among the total Aedes-positive containers (denominator) in a specific macrohabitat. The Aedes microhabitat positive proportion (PPSA) was calculated as the percentage of each Aedes-positive microhabitat type (numerator) among the total Aedespositive containers (denominator) in the study area. The proportions of Aedes species were calculated as percentage of specimens among Aedes fauna. We used Fisher's exact test to determine the relationship between species composition and the macro-and microhabitats. Fisher's exact test was employed because expected numbers of specimens were equal or less than five.
Aedes species richness was expressed as the number of collected species in each study area [24, 25] and compared using a one-way analysis of variance (ANOVA), followed by Bonferroni's correction. The species diversity, dominance, and community similarity of Aedes mosquitoes in the study area and among the macrohabitats were estimated by Shannon index (H) (1), Simpson index (D) (2), and Sorenson's coefficient (CC) (3) [24, 25] , and analyzed by KruskalWallis test because the log-transformed data exhibited significant deviations from normality. The abundance of Aedes mosquitoes was the number of specimens per species and calculated as the mean numbers of specimens per bamboo-ovitrap, metallic-ovitrap, wet microhabitat and human-baited double-net trap according to sampling methods. The Aedes females' biting rate was expressed as the mean number of female specimens per person per day. The number of persons was equal to the number of participants used as attractants during human-baited double-net trap sampling. The bamboo-ovitrap, metallic-ovitrap, and human-baited doublenet trap data were tested using repeated measures approaches in generalized linear mixed models (GLMM), in order to take into account possible interactions between the variables "macrohabitats" and "month" [26] . We used repeated measures approaches in GLMM framework because the bamboo-ovitrap, metallic-ovitrap, and human-baited double-net trap were repeatedly installed in the same sampling location over time (months). The microhabitat survey data were analyzed using a generalized linear model (GLM) approach. To account for overdispersion due to excessive number of zeroes, the data were log-transformed [log (number of specimens + 1)]. A significance level of 5% was set for statistical testing. All statistical analyses were conducted using Stata version 14.0 (Stata Corporation; College Station, TX, United States of America). The formulas of the biodiversity indicators were [24, 25] :
Simpson indexðDÞ ¼ 1=
where p i is the proportion (n/N) of specimens of one particular species i found (n) divided by the total number of specimens found (N), ln is the natural log, ∑ is the sum of the calculations, s is the number of species, C is the number of species that the two communities have in common, S1 is the total number of species found in community 1, and S2 is the total number of species found in community 2. The Shannon index (H) is an information statistic index which assumes that all species are represented in a sample and are randomly sampled. Note that, the higher the value of H, the higher the species diversity; while the lower the value of H, the lower the species diversity. The Simpson index (D) is a dominance index as it gives more weight to common or dominant species and assumes that a few rare species with only a few representatives will not affect the diversity. The higher the value of D, the higher the species abundance; whereas the lower the value of H, the lower the species abundance. Sorenson's coefficient (CC) gives information on community similarity and helps to know how much two communities have overlap or similarity. CC ranges from 0 to 1. The closer the value is to 1, the more the communities have species in common; complete community overlap is equal to 1; and complete community dissimilarity is equal to 0. Table 2 shows the species composition of adult mosquitoes collected as eggs, larvae, pupae, and adults using bamboo-ovitrap, metallic-ovitrap, larval survey, and human-baited doublenet trap methods. A total of 30,449 mosquito specimens were collected, comprising different medically important genera, such as Aedes, Anopheles, Culex, Mansonia, and predatory larvae of Eretmapodites and Toxorhynchites. For any sampling method, Aedes mosquitoes dominated the fauna, representing 92.9% of the total fauna with 11 species. The proportions, sex, and the numbers of mosquito species varied substantially between sampling methods. Table) .
Results
Mosquito species composition
Distribution of Aedes immature stages across macrohabitats
Microhabitat Aedes-positivity indices widely varied from one macrohabitat to another (Table 3 and S3 Fig) . No Aedes-positive microhabitats were found in oil palm monoculture. In contrast, the highest Aedes-microhabitat positivity index was estimated for the rainforest (94/ 161; PI = 58.4%), followed by the polyculture (388/737; PI = 52.6%), and the rural housing areas (319/858; PI = 37.2%). In the rural housing areas, husbandry watering containers were often infested with Aedes larvae (159/229; PI = 69.4%), and reached a PI of 86.4% (19/22) in December 2014 during the long dry season. In the polyculture site, the highest Aedes-positivity index (135/167; PI = 80.8%) was observed among the discarded containers. Table 4 shows the proportions of each type of Aedes-positive microhabitats among the whole Aedes-positive microhabitats in each macrohabitat. In the rainforest, all the Aedes- The frequency of microhabitats with shade, plant leaves, and predators varied among the macrohabitats. The highest proportions of shaded microhabitats (n = 607; 96.9%), and microhabitats with plant leaves (92.6%) were found in the rainforest. Wet microhabitats containing at least one of the predatory larvae of Toxorhynchites spp., Eretmapodites spp., and Cx. tigripes mosquitoes were also mostly encountered in the rainforest (n = 161; 63.4%). The polyculture area also hosted higher numbers of microhabitats with shade (n = 2,117; 54.5%), plant leaves (n = 2,117; 59.6%), and predators (n = 737; 29.9%), compared to the rural housing areas.
Aedes species distribution, biodiversity, and dynamics Table 5 presents the geographic distribution and biodiversity of Aedes species among the macrohabitats in the study area. Ae. aegypti was the predominant species in the study area (n = 28,276; 79.2%). Ae. aegypti was also the most abundant species among Aedes mosquitoes collected in the polyculture, rural housing areas, and rainforest macrohabitats, with 49.2% (n = 28,276), 25.7%, and 4.3% of total fauna, respectively. Other Aedes species such as Ae. dendrophilus (10.5%), Ae. africanus (3.7%), Ae. furcifer (1.8%), and Ae. vittatus (1.7%), represented more than 1% of the total Aedes fauna in the study area. However, Ae. africanus (3.4%) showed its highest abundance in the rainforest, whereas the highest proportion of Ae. dendrophilus (7.6%) and Ae. furcifer (1.2%) were found in the polyculture area. The proportion of Ae. dendrophilus was above 1% in the rural housing area.
Aedes species number, diversity (F = 17.12; df = 3, p <0.05), and dominance (F = 11.04; df = 3, p <0.05) varied among the study area and the macrohabitats ( Table 5 ). The highest Aedes species richness (n = 11) and the highest species diversity (Shannon index H = 1.54) were observed in the rainforest, while oil palm monoculture exhibited the poorest diversity with one species and null Shannon index. The rural housing areas displayed significantly (Table 5 ). According to Sorenson's coefficient (CC = 1), Aedes mosquito community in the study area were similar to those inhabiting the rainforest. Compared with the rainforest, the polyculture showed the highest community similarity with Sorenson's coefficient of 0.95, followed by the rural-housing areas with a Aedes mosquito ecology and land-use changes
Sorenson's coefficient of 0.85. In contrast, the Aedes communities in the rainforest and oil palm monoculture showed with 0.17 the lowest value for the Sorenson's coefficient. Table 6 indicates Aedes species abundance among the macrohabitats in the study area. No Aedes eggs, larvae, pupae, or adults were collected in the oil palm monoculture using bambooovitrap, larval survey, and double-net trap methods, except four eggs sampled with the metallicovitraps. However, higher mean numbers (mean ± standard error) of Aedes specimens with 2.32 ± 0.07 eggs/bamboo-ovitrap/week, 4.18 ± 0.07 eggs/metallic-ovitrap/week, and 26.01 ± 0.12 adults/double-net trap/day were found in the polyculture. The mean number in bamboo-ovitrap deployed in oil palm monoculture was significantly lower than the rainforest (Z = 1.96, p <0.05) and rural housing areas (Z = 2.06, p <0.05) (S2 Table) . The mean numbers of Aedes eggs collected using metallic-ovitrap were significant different between the oil palm monoculture and the rainforest (Z = -2.04, p = 0.041) (S3 Table) , and between the polyculture and the rainforest (Z = -3.45, p = 0.001) (S4 Table) .
GLMM revealed that the mean numbers of Aedes eggs were significantly lower in oil palm monoculture than the other macrohabitats (p <0.05) (S5 Table) . The rural housing areas (0.63 ± 0.03 larvae/microhabitat) and the polyculture (0.60 ± 0.02 larvae/microhabitat) showed higher means of Aedes larvae compared with the other macrohabitats. In the rainforest, the tree holes were the most Aedes-inhabited habitats, with 1.87 ± 0.12 larvae/microhabitat. The rainforest was free of any agricultural and man-made microhabitats, while the polyculture macrohabitat hosted all types of microhabitats, except for household water containers. In the rural housing areas, the water containers were the most important producers of Aedes larvae with a mean of 2.47 ± 0.07 larvae/microhabitat. In the study area, the discarded containers also Aedes mosquito ecology and land-use changes exhibited high ability to harbor Aedes immatures, with a mean number of 1.46 ± 0.05 larvae/ microhabitat (Table 6) . Fig 3 shows the seasonal dynamics of whole Aedes species populations, sampled as eggs, larvae, pupae, and adults, over time among the macrohabitats in the study area. In the study area and macrohabitats, Aedes species abundance varied as a function of precipitation over time. Aedes abundance reached the first series of peaks in June, during the long rainy season, proportions of 19.1% (n = 28,276) in the study area, 12.4% in the polyculture, 4.6% in the rural housing areas, 2.0% in the rainforest, and 0.01% in oil palm monoculture. The second series of peaks occurred in October, during the short rainy season, with 13.9% in the study area, 9.0% in the polyculture, 3.3% in the rural housing areas, and 1.6% in the rainforest.
Adult Aedes females' host-seeking behaviors
The mean biting rate of Aedes females was estimated at 2.76 ± 0.07 females/person/day in the study area (S6 Table) . The highest mean biting rates were found in the polyculture macrohabitat (21.48 ± 0.12 females/person/day), followed by the rural housing areas (4.48 ± 0.10 females/ person/day), and the rainforest (0.62 ± 0.60 females/person/day). Hence, the polyculture, the rural housing areas, and the whole study area increased Aedes vector biting rate by factors of 34.6 (21.48/0.62), 7.2 (4.48/0.62), and 4.5 (2.76/0.62) compared with the rainforest, respectively. However, no biting Aedes females were collected in the oil palm monoculture. GLMM revealed significant differences in the mean biting rates comparing rainforest with polyculture (Z = 2.47, p = 0.014), and rainforest with housing areas (Z = 2.37, p = 0.018) (S3 Table) . Over 93.0% (n = 7,241) of biting was inflicted by Ae. aegypti. Conversely, no females of several other species such as Ae. fraseri, Ae. lilii, Ae. luteocephalus, Ae. metallicus, and Ae. opok were found in the human-baited double-net device ( Table 2) . Fig 4 presents the seasonal dynamics of Aedes host-seeking in the study area and the macrohabitats. GLMM indicated that the biting rates of Aedes females significantly varied over time (p <0.05) (S5 Table) with a peak observed in June during the long rainy season and in October during the short rainy season across all macrohabitats, except for the oil palm monoculture (Fig 3) . The major biting rate peaks of Aedes females averaged 109.54 ± 0.07 females/person/ day in the polyculture, 16.14 ± 0.17 females/person/day in the rural housing area, 8.44 ± 0.30 females/person/day in the study area, and 3.18 ± 0.24 females/person/day in the rainforest in June. The second most important biting rates occurred in October with 74.5 ± 0.10 females/ person/day in the polyculture, 10.7 ± 0.27 females/person/day in the rural-housing areas, 6.33 ± 0.29 females/person/day in the study area, and 2.27 ± 0.32 females/person/day in the rainforest. Fig 5 shows the daily host-seeking activity cycles of Aedes mosquito females in the study area and across the different macrohabitats. Aedes females fed from 04:00 a.m. to 08:00 p.m., covering daytime (06:00 a.m. to 6:00 p.m.), and darkness (04:00 a.m. to 06:00 a.m. and 06:00 p. m. to 08:00 p.m.) in all macrohabitats, except in the oil palm monoculture (Fig 5A) . The biting cycles showed two peaks, with the main peak observed between 04:00 p.m. and 05:00 p.m. and a lower peak between 07:00 a.m. and 08:00 a.m. Ae. aegypti, Ae. dendrophilus, and Ae. vittatus followed the same host-seeking patterns (Fig 5A) with stronger human biting intensity in Ae. aegypti in the study area (Fig 5B) , the polyculture (Fig 5C) , and the rural housing areas ( Fig  5D) . In contrast to these similarities, there was also some dissimilarity in that host-biting activity was interrupted from 11:00 a.m. to 02:00 p.m. in the rural housing areas but continued in polyculture macrohabitat (Fig 5A) .
Discussion
Our study revealed no Aedes-positive microhabitats and only four specimens of Ae. aegypti in oil palm monocultures, coupled with high Aedes species richness in the rainforest, and high biting rates in polyculture and rural housing areas over a 12-month period in southeastern Côte d'Ivoire. As identifying priority areas for IVM is of considerable importance for public health [3, 27] , this study examined-for the first time-the effects of land-use changes on Aedes mosquito abundance, distribution, and human host seeking behavior in oil palm-dominated landscapes of yellow fever and dengue foci in the southeastern part of Côte d'Ivoire. Our data showed that Aedes mosquito species displayed several significant differences in community composition, distribution, and host-seeking behavior across different land-covers, with the highest species richness observed in rainforest, highest species numbers in the polyculture macrohabitats, the lowest species richness and numbers in oil palm monoculture, and stronger anthropophagic behaviors in the polyculture and rural housing areas (Fig 6 and S6 Table) . Such distributional differences in Aedes vectors are likely to shape the distributions of arboviral disease transmission risks between landscapes, with low-risk and high-risk areas (Fig 7) .
The following points are offered for discussion. First, holistically, our study yielded high species richness and high numbers of mosquitoes, with the dominance of medically important Aedes species in areas that have undergone anthropogenic land-use changes due to oil palm plantations. Several Aedes species (e.g., Ae. aegypti, Ae. africanus, Ae. furcifer, Ae. luteocephalus, Ae. opok, and Ae. vittatus) are known vectors for viral infections, including yellow fever, dengue, chikungunya, and Zika in Côte d'Ivoire [15, 16] and Senegal [7, 28, 29] . The high Aedes species diversity is consistent with previous studies conducted in distinct landscapes in rural areas of Senegal [7, 28, 29] . This could be due to the heterogeneity of landscapes (rainforest, polyculture, oil palm monoculture, and housing areas) that possibly provide a wide range of larval habitats, resting and mating places, and nectar and blood-food sources [7, 28] .
Second, we used diverse sampling methods (i.e., bamboo-ovitraps, metallic-ovitraps, larval surveys, and human-baited double-net traps) targeting different development stages (i.e., egg, larvae, pupae, and adults) of Aedes mosquitoes during the dry and rainy seasons. Due to logistic limitations, our study only focused on Aedes mosquito dwelling up to 2 m above ground, and the anthropophagic populations that are active between 04:00 a.m. and 08:00 p.m. Some Overall, there was a lack of Aedes microhabitats and species in the oil palm monoculture. In contrast, the highest abundance of Aedes mosquitoes was found in the polyculture. The rural housing area also hosted substantial numbers of Aedes mosquitoes. Conversely, the highest Aedes species richness was observed in the rainforest where the preference of Aedes females to feed on humans was very little. As a result, the polyculture and the rural areas increased Aedes vectors' biting rates by 34.6 and 7.2 times compared with the original rainforest, respectively.
https://doi.org/10.1371/journal.pone.0189082.g006 canopy-dweller [29] , nighttime-biter [30, 31] , and zoophilic [32] Aedes species were probably missed by the current sampling techniques. A vertical stratification study, circadian (24-hour period) sampling design, and animal-baited trapping could possibly provide deeper insight into the ecology of Aedes mosquitoes living in the canopies, darkness-dependent biting, and zoophagic behaviors, respectively.
Third, from a reductionist view, we found compositional differences in Aedes species among the landscape covers, suggesting ecologically filtering effects of land-use changes on Aedes mosquito communities, as observed in arthropods [33] . Bernues-Baneres et al. [34] have observed variations in faunistic diversity of mosquitoes according to the typology of land-covers in Spain. Because of their high sensitivity to environmental changes, mosquitoes have been suggested as bio-indicators of forest degradation level in Brazil [35] . In our study area, Aedes species were absent in oil palm monocultures, while they were abundantly present in polyculture environment and rural housing areas. This may suggest the displacement of Aedes mosquitoes vectors primarily from the forested areas transformed into oil palm plantations toward . The conversion of the original rainforests into large oil palm monoculture has led to the losses of the microhabitats and hosts of forest-dwelling Aedes mosquitoes thus increasing ecological pressure for searching alternative microhabitats and hosts in the three other macrohabitats, preserved rainforest, polyculture, and rural housing areas. Aedes mosquitoes found new microhabitats as anthropogenic containers abundantly encountered in the rural housing area and polyculture where humans (inhabitants and workers) were usually present thus resulting in higher abundance of vectors and highrisks of arboviruses' transmission in these areas. In contrast, the arboviral transmission risks were very low in the oil palm monoculture due to the lack Aedes mosquitoes, and low in the rainforest due to the low anthropophagy of forest-dwelling Aedes species.
https://doi.org/10.1371/journal.pone.0189082.g007 preserved rainforest, the polyculture, and rural housing areas for searching alternative breeding sites [36, 37] , and blood-food sources [21] . In the first possible scenario, under the increased pressure exerted by Aedes mosquito populations, they become highly abundant during the rainy season on the hosts and breeding sites available in the preserved rainforest. The ecologic Aedes-rainforest balance is probably interrupted, and hence, leading to the diffusion of forest-dwelling anthropozoophilic Aedes species toward the rural human-inhabited areas. Similar findings have been reported in rural areas of Senegal, where Aedes vectors have invaded villages from surrounding landscapes and the risk of arboviral infection became highest at the edges of the villages [29] . These wild Aedes species that have both horizontal/oral and vertical/transovarial transmission competences for arbovirus probably transmit viruses that they have previously taken from forest-dwelling animals to villagers thus linking the jungle/sylvatic cycles to emergence/rural cycles [12, 20, 21] . Alternatively, the second scenario is that people working in polyculture could be bitten by a virus-infected Aedes mosquito, which might carry the virus to rural housing areas that are already colonized by potential competent vectors [20] . These competent vectors may disseminate viruses among the populations. Both scenarios are expected to increase yellow fever and dengue emergence and re-emergence risks, especially since they do not exclude mutually [20] , because people live in close proximity to wildlife.
Fourth, Aedes mosquitoes still appear to show diverse and atypical breeding patterns across macro-and microhabitats leading to horizontal stratification among species with lack of Aedes mosquitoes in the oil palm monocultures and strong colonization of the other macrohabitats (i.e., rainforest, polyculture, and rural housing areas). These findings corroborate previous results showing that land-use changes affect the ecology of immature Aedes mosquitoes in the United States of America [2] and in rural areas of Senegal [7] . Ferraguti et al. [3] have reported that mosquito richness is higher in natural areas compared to anthropized areas. Polyculture areas have more positive effects on the abundance and species richness of terrestrial arthropod than monocultures in oil palm production landscapes in Peninsular Malaysia [5, 38] . Indeed, oil palm plantations alter ecosystem functioning [39] , and reduce species richness and abundance compared with forested areas [40] due to the losses of habitats and hosts [5, 6] . Moreover, the drastic decline in Aedes species in oil palm monocultures could probably be exacerbated by multiple and intense uses of chemical products such as insecticides and herbicides for crop protection [19] . Aedes species have adapted alternatively their oviposition and blood-feeding behaviors to anthropogenic habitats and hosts that are available in the polyculture and rural housing areas [7] . Polyculture still had naturally-occurring microhabitats (i.e., tree and bamboo holes), developed multiple agriculturally-occurring microhabitats (i.e., crop fruit husks, flower, sheathing leaf axils, and cultivated plant holes), and received several manmade containers (i.e., crop collection containers, and discarded containers). Indeed, people discarded high numbers of containers such as old tires, parts of vehicles and machines in the maintenance of oil palm plantations, tarps, cans, and other worn items in surrounding polycultures since people live in close proximity to their smallholdings. Additionally, urbanized housing areas are incriminated to replace natural microhabitats (e.g., tree holes, bamboo) by artificial microhabitats (e.g., tires, discarded containers, and water storage containers), increase in the number of microhabitats expose breeding sites to a higher magnitude of solar radiation and enhance the population size of Aedes mosquitoes [41] . In such areas, containers used to provide water for poultry husbandry during the dry season were found to be highly infested with Ae. aegypti larvae, as observed in bird cages in Malaysia [9] . Anthropogenic environments also act as limiting factors for Aedes mosquito predators (e.g., Eretmapodites spp. and Toxorhynchites spp.) [4] . Hence, Aedes species that uniquely oviposit in natural containers (e.g., tree holes), may lay more fragile and desiccation-sensitive eggs. Rainwater is needed for hatching eggs, thus influencing oviposition behaviors [4, 7] . Of note, Aedes species need microbial inputs from predation as food sources for their offspring [2] , and wild animal hosts as blood-meals for the adult females [32] . These features probably restricted certain Aedes species to the rainforest [4, 7] . Indeed, the specialists that are strictly ecologic demanding remain confined to particular ecotopes (e.g., rainforest), while the generalists (i.e., Ae. aegypti) might spread and colonize more diverse environments [4, 7] . However, Ae. aegypti mosquitoes seem to prefer anthropically altered areas rather than natural landscapes [4] . All these biotic and abiotic factors interact with rainfalls that habitually ensure the flooding of breeding sites to induce significant variations in the abundance and distribution of Aedes mosquito species, all of which may link the different possible arbovirus transmission cycles and increase exposure of human populations to arbovirus-risks [12] .
Finally, Aedes mosquito females seem to exhibit similarities and dissimilarities in host-seeking behaviors between the types of land-cover that acted as a series of ecologic filters [33] . Aedes mosquitoes were seeking for humans in every land-cover type studied here, except for the oil palm monoculture. Moreover, the vectors displayed low preference for feeding on humans in the rainforest. Host-seeking activities were higher in both polyculture and rural housing areas, and biting activity showed one peak in the morning and one peak in the evening. However, biting cycles were interrupted between 10:00 a.m. and 02:00 p.m. in the rural housing areas and maintained in the polyculture. The unexpected ecologic variations in Aedes biting behavior suggest a complex pattern of arbovirus transmission in the large-scale development of oil palm-planted landscapes. Such outstanding spillovers might be attributable to the adaptation of Aedes species to land-use patterns, and human activities and movements. In fact, the absence of aggressive Aedes females in oil palm monoculture could be explained by the losses of their habitats and animal hosts [6] , while the disinterest of rainforest-dwelling vectors into feeding on humans could be due to their preference to feed on wild animals [32] . When the vector aggressiveness peaked, in the early morning and in the evening, humans are generally within housing areas suggesting that high exposures to arboviruses occur in the villages [21, 28] . The interruption of host-seeking activities of Aedes females coincided with the migration of workers to the industrial oil palm farming and other people to their own smallholdings. Such an accordance of malaria vector behaviors to human movements has been reported in rubber plantations in Thailand [42] . The gap observed in host-seeking activities also corresponded to the sunlight intensity in the rural housing areas that are directly exposed to solar radiation due to the lack of natural vegetation coverage. As observed in poikilothermic animals, including insects [43] , Aedes host-seeking behavior was probably most affected by the sun in the housing area. Conversely, the continuous biting cycles of Aedes females in polyculture could be explained by the permanent presence of workers that may habitually serve as blood-food sources [42] , and the shade provided by the abundance of vegetation coverage that probably reduces the negative effects of sunlight radiation on host-searching activities. The surprising darkness-biting activities could be interpreted as residual biting activities of Aedes mosquitoes that feed at night on wild animals [21, 29, 32] . The nocturne biting activities of the well-known daytime Aedes mosquitoes has been reported on Ae. aegypti in Côte d'Ivoire [30] and Ae. albopictus in Cameroon [31] . The extent of such atypical host-seeking activity rhythm observed in our study region could have important epidemiologic implications, and needs to be analyzed in greater depth, over longer times and larger scales.
We conclude that in the southeastern part of Côte d'Ivoire, agricultural land-use has changed as a result of transforming rainforest into oil palm monocultures, which significantly influences the composition, distribution, oviposition patterns, and host-seeking behavior of Aedes mosquito species. In turn, there is a lack of Aedes mosquitoes in oil palm monocultures and a strong colonization of polyculture and rural housing areas. Hence, humans are increasingly exposed to Aedes bites and arbovirus risk around their homes and farming plots. The polyculture and the rural housing ecotopes thus represent priority areas for vector control and surveillance. In oil palm-planted areas, arboviral disease control strategy should encompass integrated approaches, including landscape ecology and epidemiology, and ecotope-based vector control. The habitat type often reflects the name of the habitats and the categories include habitats that provide comparable Aedes mosquito habitats. The macrohabitats are divided into four ecological blocks: A: Rainforest that was preserved dense forest hosting several plant species of trees, creepers, and bamboo, and animals; B: Polyculture that covered a mixture of cultivated plants such as oil palm tree, rubber, taro, banana, coconuts, and native trees; C: Oil palm monoculture that was covered uniquely with industrial oil palm trees; and D: rural-housing areas that are characterized by human-inhabited space. The microhabitats (E-P) were summarized into: Naturally-occurring microhabitats (E-H) that comprised E: Natural tree hole, F: Bamboo hole, G: Natural plant leaf, and H: Other natural microhabitats; Agriculturally-occurring microhabitats ( Table. Synthesis of how land-use changes might affect the dynamics of Aedes mosquitoes in oil palm-dominated areas in southeastern Côte d'Ivoire. -: very low risk,-: low risk, +: high risk, ++: very high risk; %: percentage; SE: standard error of the mean. Host-seeking activity is expressed as the mean numbers of Aedes females collected per human-baited double-net trap. The unit of host-seeing activity is female/person/day. Overall, there was a lack of Aedes microhabitats and species in the oil palm monoculture resulting in very low arbovirus risk. In contrast, the highest abundance of Aedes mosquitoes was found in the polyculture where arbovirus risk is expected to be very high. The highest species richness was observed in the rainforest where the preference of Aedes females to feed on humans was low. The rural housing areas and the whole study area hosted substantial numbers of Aedes mosquitoes and arbovirus risk is expected to be high in rural housing area and moderate in the whole study area. (DOCX) government, through the Federal Commission for Scholarships for Foreign Students (Bern, Switzerland; no 2014.0567), which funded the study and supported its execution. The authors would also like to extend their thanks to PALMCI staff, health authorities, local authorities, and residents in the study areas and the mosquito collection teams.
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